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Abstract 
SYNTHESIS AND CHARACTERIZATION OF METHYLENE BIS (P- 
CYCLOHEXYL ISOCYANATE)-POLY (TETRAMETHYL OXIDE) BASED 
POLYURETHANE ELASTOMERS 
By Kennard Marcellus Brunson, Jr., M.S. 
Virginia Commonwealth University, 2006 
Thesis Director: Professor Kenneth J. Wynne, Ph. D 
This research concerns the development and characterization of methylene bis (p- 
cyclohexyl isocyanatehutanediol) (HMDI/BD) based polyurethanes used in connection 
with surface-active anti-microbial polyurethanes. Previously studied polyurethanes 
having an isophorone diisocyanatehutanediol (IPDIBD) hard block contaminated water 
during dynamic contact angle (DCA) analyses. This contaniination by unknown species 
confounds results from biocidal studies and jeopardizes the use of the polyurethane as a 
matrix polyurethane. By contrast, polyurethanes with methylene bis (p-cyclohexyl 
isocyanate)hutanediol hard block showed no contamination during DCA analysis. For 
this reason, further study of HMDIIBDPTMO polyurethanes was conducted. HMDI/BD 
polyurethanes were synthesized with 15-50wt% hard block and a soft block of PTMO- 
2000 or PTMO-1000 where PTMO-2000 is poly (tetramethylene oxide) with a molecular 
weight of 2000g/mol and PTMO-1000 has a molecular weight of 1000g/mol. 
Characterization was performed with FT-IR and 'H NMR spectroscopy to verify 
polyurethane composition as well as hard block percentage. Thermal characterization was 
performed with modulated differential scanning calorimetry (MDSC). From MDSC, the 
glass transition temperatures of the soft and hard block for polyurethanes with PTMO- 
2000 as the soft block were -80°C and 86"C, respectively. For corresponding 
polyurethanes containing PTMO-1000 as the soft block, the measured T,s for the soft and 
hard segments were -55°C and 65OC, respectively. The disparity between the respective 
soft and hard segment T,s of these polyurethanes of differing soft block molecular 
weights is due to increased phase mixing that causes an increase in soft block T, and a 
decrease in hard block T, for the PTMO-1000 polyurethanes. 
From dynamic contact angle analyses of HMDUBDBTMO polyurethanes, the 
advancing and receding contact angles gradually decreased with each cycle but 
approached 80' and 60°, respectively. Results fi-om force-distance curves with flamed 
glass slides obtained before and after immersion of the polyurethane coatings indicated 
that no water contamination occurred. Tensile tests demonstrated that hard block 
percentage, soft block molecular weight, and the amount of chain extender influences 
mechanical properties. For example, increasing hard block weight percentage increases 
the modulus. 
HMDI/BD(30)BTMO-2000 (PU-I), HMDUBD(25)lPTMO-2000, (PU-2) and 
HMDUBD(35)BTMO-2000 (PU-10) exhibited the best elastomeric properties. As the 
final outcome, lack of contamination and good mechanical properties made PU-2 and 
PU-9 (HMDI/BD(5O)/PTMO-1000) suitable candidates as polyurethane matrices for 
polymer surface modifier evaluation. 
Introduction 
 The purpose of this thesis research is to develop and characterize polyurethanes 
with methylene bis(p-cyclohexyl isocyanate) (HMDI) hard blocks as a convenient matrix 
polyurethanes for separately investigated biocidal polymer surface modifiers [8]. These 
biocidal polyurethanes may ultimately be incorporated into catheters or other medical 
devices to provide contact biocidal activity. 
Polyurethanes: Structure and Synthesis. Polyurethanes are block copolymers in 
the class of thermoplastic elastomers. Polyurethanes are composed of short alternating 
hard and soft segments. The soft segment is typically a low glass transition temperature 
(Tg) polyester, polyether, or polyalkyldiol with molecular weights ranging from 400-
5000g/mol [9]. The hard segment of polyurethanes usually consists of diisocyanates 
linked to a low molecular weight chain extender such as butanediol.  
Synthesis of polyurethanes can be accomplished via two methods. In the one-step 
process, difunctional or multifunctional liquid isocyanate is mixed with polyol and liquid 
diol chain extender in a mold or casting and allowed to react. While this method is the 
easiest and quickest technique, it allows limited control over the chemistry of the 
reaction. This results in limited control over the structure, physical properties, and 
processability of the product.  
The polyurethanes presented in this paper were synthesized using the two-step or 
prepolymer method (Figure 1). With this prepolymer method, prepolymer is synthesized 
by mixing the polyol with an excess amount of diisocyanate. Upon completion of 
prepolymer synthesis, butanediol is added as a chain extender, which reacts with the 
1 
 2
isocyanate end groups of the prepolymer and, thus, forms a high molecular weight 
segmented copolymer.  
The reaction of the diisocyanate with hydroxyl groups from the low molecular 
weight diol forms the hard segment of the polyurethane chain. The hard segment contains 
urethane groups that hydrogen bond (Figure 2), thus causing the hard segment to have a 
high Tg. The formation of prepolymer was monitored using FT-IR spectroscopy by 
observing changes in peaks that appear at 3346cm-1 (N-H), 2267cm-1 (isocyanate), and 
1724cm-1 (urethane carbonyl). The appearance of the N-H peak indicates that the 
prepolymer has been formed and is ready for chain extension.       
 
 
 
 
 
 
 
 
  
 
 
 
 
 
Figure 1. Polyurethane synthesis, prepolymer method. 
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 Figure 2.  Hard segment hydrogen bonding. 
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 The result of having a high T  hard block and a low Tg g soft block gives rise to 
phase separation wherein the hard segments of the polyurethane chains hydrogen bond 
and become dispersed throughout a soft segment matrix (Figure 3). This phase separation 
allows polyurethanes to have rigidity (hard segment) while maintaining flexibility (soft 
segment). These properties can also be adjusted during synthesis by varying the ratio of 
hard segment and soft segment components allowing for the creation of polyurethanes 
ranging from very brittle and hard to soft and tacky. 
 
 
 
 
 
 
Figure 3. Phase separation of hard and soft segments: Hard segment (          ); Soft segment (      )  
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Phase separation was first described by Cooper and Tobolsky [10] in 1966 during 
their study of styrene-butadiene-styrene triblock copolymers via transmission electron 
microscopy. They postulated that the images, which showed two contrasting regions, 
reflected clustering or microphase separation. Thomas and coworkers subsequently used 
electron microscopy to show microphase separation in polyurethanes [11]. 
 
Thermodynamics of Phase Separation 
 Four factors are important to consider when describing the thermodynamics of 
phase separation in polyurethanes. These are: the solubility parameter of the hard and soft 
segment, the degree of polymerization of the segments, conformation and steric effects, 
and the weight fraction of the components [12].  
  Hard and soft segments have differing solubility parameters, δ, which are related 
to the cohesive energy densities (CED) of the individual components of the hard and soft 
segments by: 
 2/1)(CED=δ (1)
 
 The CED can be thought of as the sum of all intermolecular interactions between 
molecules. In the case of the HMDI hard segment, the intermolecular forces are van der 
Waals, dipole-dipole interactions, and hydrogen bonding whereas the interactions among 
the PTMO soft blocks consist of weak dipole-dipole interactions and van der Waals 
forces. Thus, because hydrogen bonds are the strongest non-covalent interactions, the 
hard segment will have a higher CED and, thus, a higher solubility parameter than the 
PTMO soft segment.  
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Differing solubility parameters for the hard and soft blocks result in a positive the heat of 
mixing, ΔH , will be positive. Since mixing is dependent upon Gibb’s free energy, mix
 
ΔGmix=ΔHmix - TΔSmix (2)
 
the entropy term must also be considered. According to The Flory-Huggins lattice 
treatment of polymer mixtures, ΔSmix for two dissimilar polymers the entropy of mixing 
does not contribute much to the total ΔGmix because the value for is low and positive [13]. 
This means that the heat of mixing ΔH , which is much larger than ΔSmix mix, will 
determine the total ΔG . Since ΔH  is positive ΔGmix mix mix will also be positive and, thus, 
mixing between the hard and soft segments is thermodynamically unfavorable. The 
positive ΔGmix  results in the phase separation or segregation of the hard and soft 
domains.   
The degree of polymerization of the soft block also plays an important role in the 
phase separation of block copolymer segments. The degree of polymerization (DP) is 
defined as the polymer molecular weight (Mn) divided by the molecular weight of the 
repeat unit, mw,. 
mw
MDP n= (3) 
 
From Eqn. 3, soft blocks with high DPs will have higher molecular weights and longer 
chain lengths.  
In work performed by Venlankar it was found that by increasing the molecular 
weight of the soft segment better phase separation was obtained [14]. The reason behind 
this increase in phase separation is that the long soft segment chains allow the covalently 
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linked HMDI hard segment to have more mobility [15]. This increased mobility allows 
the hard segment to more readily hydrogen bond and thus form nano-ordered domains 
within the polymer matrix.  
Work by Miller showed that hard segment length affects the amount of phase 
separation [15]. In their study, 4,4-methylene (phenyl diisocyanate), (MDI) based 
polyurethanes with two different hard segment lengths were synthesized. The PU 
designated as ET-38M contained one MDI unit in the hard segment and was made via a 
multi-step process. The other PU, ET-38S, was made via a single step process and 
contained three or more units of MDI in the hard segment. DSC data for the two 
polyurethanes showed that ET-38S had a prominent melting endotherm at 167oC whereas 
ET-38M shows only a small endotherm at 170oC. From these data they reasoned that the 
single MDI units are more soluble in the surrounding PTMO soft phase thus resulting in 
phase mixing. Also, the longer segments serve as better nucleation sites and allow for the 
lateral accumulation of the hard segment thus forming more stable nano-ordered 
domains. 
Work by Huang showed that conformational and steric effects also play an 
important role in the phase separation in polyurethanes [16]. In their study, hydroxyl 
terminated polybutadiene (HTPB) polyurethanes (PUs) were synthesized with equivalent 
ratios of MDI, HMDI and IPDI diisocyanates (structures/acronyms defined in Figures 1 
and 4).  
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Figure 4. 4,4-methylene (phenyl diisocyanate) MDI (left), isophorone diisocyanate IPDI 
(right).  
MDI and HMDI both formed phased separated nanodomains. The presence of two 
symmetric aromatic ring structures facilitates packing of MDI, thus allowing MDI/BD 
hard segments to more readily order and phase separate. HMDI, on the other hand, is an 
aliphatic molecule and may have multiple conformations. These differing conformations 
sterically hinder the process of the hydrogen bonding between the HMDI segments and 
the formation of nanodomains that are as well ordered as MDI domains.  IPDI, on the 
other hand, is both non polar and non-symmetric. Due to asymmetry, steric effects hinder 
the ability of IPDI hard segments to form the nanocrystalline domains that are present in 
MDI and HMDI based PUs. Thus IPDI based polyurethanes exhibited the most phase 
mixing.   
Hard block weight percentage plays an important role in phase separation. 
Polyurethanes with higher hard segment weight percentages form larger hard segment 
domains. Again, since the hard and soft segments are dissimilar, the hard and soft 
domains will not mix due to a high positive ΔH . As domain size increases, ΔHmix mix will 
increase, resulting in increasing phase separation [11].     
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Catalysis 
A catalyst, dibutyltin dilaurate (Figure 5), is used to accelerate polyurethane 
formation by accelerating the rate of reaction between hydroxyl groups and isocyanate 
groups of HMDI. Since diorganotin dicarboxylate catalysts are more reactive than others, 
such as amine catalysts, smaller amounts are needed [4].  
 
 
 
 
 
 
Figure 5. Dibutyltin Dilaurate.  
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1Proton NMR ( H NMR) Spectroscopy. Once polyurethanes have been 
synthesized, chemical composition must be established. A technique commonly used to 
deduce composition is proton nuclear magnetic resonance (1H NMR) spectroscopy. 
Protons and neutrons may be said to “spin” on the nuclear axis. The circulation of 
this charge generates a magnetic dipole along the axis of rotation. The angular 
momentum of the spinning charge can be described in terms of the spin quantum number, 
I, which can have values of 0, ½, 1, 3/2 and so forth. The spin number determines how 
many orientations a proton can assume in the presence of an external uniform magnetic 
field according to the expression 2I + 1. Since 1H has a spin of ½, two spin states exist. 
These spin states of a individual proton may aligned or against an external magnetic field. 
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The nuclei can be promoted to a higher energy spin state by applying 
electromagnetic energy, hν, with a frequency that matches that of the energy difference 
between the two spin states in a magnetic field Bo. The fundamental NMR equation that 
correlates electromagnetic wavelength with the magnetic field is [17]: 
 
π
γν
2
oB= (4)
 
where γ is the magnetogyric ratio, a fundamental nuclear constant that is proportional to 
the magnetic moment, μ, and the spin number [17]. 
 
hI
πμγ 2= (5)
 
At a magnetic field strength of 2.33 Tesla (T), electromagnetic energy with a frequency 
of 100 MHz (radio frequency, Rf) is needed to excite the hydrogen nucleus (proton).  
To understand how the Rf electromagnetic energy is transferred to the proton, one 
must first understand the spinning of the protons in a magnetic field. In a uniform 
magnetic field, the magnetic axis of the proton will precess about the axis of the external 
field. An assemblage of protons will thus be precessing randomly around the axis of the 
external magnetic field, which has a net magnetization of (Mo) around the z-axis. The aim 
now is to tip the Mo vector toward the horizontal plane and then measure the resulting 
component of magnetization in the horizontal plane indicating the excitation of some of 
the protons.    
 To excite the protons, a radio frequency is transferred to the protons by applying 
Rf electromagnetic energy in such a way that the magnetic component, B1, is at a right 
angle to the main magnetic field B . This is accomplished by a coil that is situated with o
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its axis at right angles to the axis of the main magnetic field. This coil generates an 
oscillating magnetic field, B along the coil axis. If B1, o is held constant and the oscillating 
frequency is varied, the angular velocity, ω, of the component of rotating magnetic field, 
B , will vary until it is equal to the angular velocity, ωB1 ο,  of the precessing proton. At this 
point, the absorbed energy is at its maximum and the net magnetization, Mo, is tilted 
away from alignment with B . o
Once this magnetic field, B1, is removed, the nuclei at higher energy spin states 
return to their original lower energy states and give off electromagnetic energy of the 
same frequency. This is done by spin-lattice or longitudinal relaxation. In this process, 
energy is transferred from the nucleus to the surrounding molecules. Energy can also be 
released by spin-spin or transverse relaxation where the energy is transferred from nuclei 
of higher energy states to ones of lower energy. There is no net loss of energy, but the 
spreading of energy, known as de-phasing, results in signal loss and line broadening.  
1In H NMR spectrometry four important pieces of information are provided: the 
number of unique signals, the chemical shift, the splitting pattern, and the integrated 
signal intensity. The frequencies measured by NMR are reported as the difference, in 
parts per million (ppm), between the signal recorded from the sample and the reference 
compound tetramethylsilane, (CH )3 4Si (TMS). This difference is known as the chemical 
shift, δ, where 1δ equals 1ppm and where the signal for TMS is zero. 
 6standardsample 10
 
spectrometer frequency
×−= ωω δ (6)
 
 Peak intensity refers to the number of equivalent protons associated with a peak.  
Taking ethanol as an example, the three protons associated with a methyl group would 
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give a more intense peak than the two protons associated with a methylene group. These 
intensities are measured by an integration curve, which is the measure of the area under 
the peak. The vertical rise in the integration curve is used to calculate the ratio of 
hydrogen responsible for each peak [18]. Since the area under the curve is dependent on 
instrument sensitivity and not the number of hydrogens, the area gives a ratio of 
hydrogens instead of an absolute number.  
From the chemical shifts, peak intensities and the splitting patterns, the structure 
of the molecule being analyzed can be deduced. Information on the chemical structure of 
polyurethanes is important because it allows for the calculation of the actual hard 
segment weight percentage and thus provides a correlation with actual chemical 
composition with feed ratio of diisocyanate, polyol, and diol.  
 
Gel Permeation Chromatography. After synthesis of a polymer, it is important 
to know the molecular weight in order to correlate the polymer properties. However, 
since most synthetic polymeric materials are composed of polymer chains of differing 
lengths, the average molecular weight and molecular weight distribution of the polymer 
must be used.  
Number average molecular weight, Mn, is the total mass of the polymer divided 
by the total number of polymer molecules.  This definition of the molecular weight is 
more sensitive to low molecular weight polymer chains and is represented by the 
equation below [19, 20]. 
                                  
( )iii
i
i
ii
n MwN
w
N
MN
M
/
1
Σ=Σ
Σ=Σ
Σ= (7)
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 is number of molecules with chain lengths i, M  is molecular weight and wwhere Ni i i is 
the weight fraction. 
 Weight average molecular weight, Mw, is defined as the total weight of each mass 
fraction divided by the number of polymer molecules of that molecular weight and is 
expressed by the following equation [19, 20]. 
ii
ii
ii
w MwMN
MNM Σ=Σ
Σ=
2
(8)                                          
   
By inspection of Eqns. 7 and 8, it is apparent that Mw is always greater than or equal to 
Mn.  Because Mw is proportional to the square of the molecular weight, the value of Mw is 
more sensitive to higher molecular weight species and Mw is more useful than Mn in 
correlating properties such as viscosity and toughness. This is because longer chains give 
rise to higher density of chain entanglements. Polymers with a high Mw tend to be 
tougher due to the existence of more chain entanglement while polymers with a low Mw 
have fewer entanglements and thus are not as tough or viscous. 
to MThe ratio of Mw n is the polydispersity (PD). PD gives a simple measure of 
polymer molecular weight distribution. The larger the polydispersity of a polymer, the 
more variation in polymer chain lengths.  
The analytical method used to determine the average molecular weight of the 
polyurethanes discussed herein is Gel Permeation Chromatograph (GPC). GPC uses size 
exclusion principles based on the hydrodynamic radius of the polymeric chains. Large 
molecules are unable to fit into the small pores of the GPC column and thereby pass more 
readily through the column. 
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Figure 6 gives a general schematic for a GPC instrument. A flowing stream of 
solvent known as the mobile phase carries injected polymer solution to the 
chromatography columns (the stationary phase). The stationary phase consists of small 
porous particles that allow larger molecules to pass but temporarily traps the smaller 
molecules within the pores. In most columns currently used today, the material used as 
the stationary phase is crosslinked polystyrene, made in such a way that small pores of 
controlled size exist within each particle [2, 20]. As the mobile phase continues to pass 
through the columns, separation between larger and smaller polymer molecules becomes 
greater (Figure 7). The length of time that a particular fraction spends in the column is the 
retention time for that fraction [2].  
                              
 
Figure 6. General schematic of GPC instrumentation [2]. 
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 Upon exiting the columns, the polymer fractions enter the detectors. Common 
detection methods are differential refractometers, ultraviolet and visible absorbance and 
laser light scattering. The detectors monitor the concentration of the solute molecules in 
the solvent, the object being to follow the changes in concentration continually as the 
polymer is eluted from the column [20]. Molecular weights are then determined by the 
retention time of the particular fraction. Data are presented as the concentration of the 
eluted species versus the retention time. That data is then analyzed to give the various 
molecular weight averages. 
Calibration is carried out via a universal calibration method. This method first 
demonstrated by Benoit, et al. [21] uses a set of narrow molecular weight polymer 
standards of one chemical type to provide molecular weight calibration for polymers of 
another chemical type by relying on the relationship between molecular weight, intrinsic 
viscosity and hydrodynamic volume. This relationship is described by the Einstein-Simha 
Figure 7. GPC fraction elution [2]. 
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viscosity law (Eqn. 9) for spherical particles in suspension and the Flory-Fox Equation 
(Eqn 10) [22],  
 
 
 
  
 
where [η] is the intrinsic viscosity, V
⎟⎠
⎞⎜⎝
⎛=
M
VC hη
⎥⎥⎦
⎤
⎢⎢⎣
⎡
Φ=
M
s
2/32
][η
(9)
(10)
h is the hydrodynamic volume, <s2>3/2 is the root-
mean-squared radius of gyration, M, is the molecular weight and C and Φ are constants.  
 If either Eqns. 9 or 10 is multiplied by the molecular weight, M, the resulting 
product ηM is proportional to the hydrodynamic volume. When ηM is plotted vs. elution 
time for a number of chemically different polymers under identical size exclusion 
chromatography (SEC) conditions, all points lie on the same calibration curve. This leads 
to a useful relationship correlating ηM for two different polymers: 
 [ ] [ ] 2211 MM ηη = (11)
 
Since it is unlikely that the intrinsic viscosity will be known for each time segment in 
molecular weight distribution of a polymer sample the intrinsic viscosity can be 
calculated from the Mark-Houwink equation [22] 
 [ ] aKM=η (12)
 
where K and a are the Mark-Houwink constants. 
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 By using a set of standards with narrow polydispersity in the SEC mobile phase to 
determine the Mark-Houwink constants, [η] in the Mark-Houwink equation can be 
substituted into Eqn. 11. Solving for the log M210  gives an expression for the sample 
molecular weight and the Mark-Houwink constants (Eqn. 13) [22]: 
 
110
2
1
2
1
10
2
210 log1
1log
1
1log M
a
a
K
K
a
M +
+++= (13)   
 
where M , a1 1, and K1 are the molecular weight and Mark-Houwink constants for the 
standard, respectively, and M2, a , and K2 2 are the molecular weight and Mark-Houwink 
constants for the sample polymer.  
In the present work, absolute molecular weights are not essential. Rather, we wish 
to confirm that the molecular weight is well above the threshold for chain entanglement, 
which is typically 10-20kDa for polar polymers [9]. Therefore, we use universal analysis 
curves for polystyrene ignoring corrections for hydrodynamic volume. 
 
Differential Scanning Calorimetry.  The thermal properties of polyurethanes are 
a very important aspect of bulk characterization. To obtain the thermal characteristics of 
the polyurethanes presented herein, Differential Scanning Calorimetry (DSC) was 
employed. DSC is a thermal analysis technique based on heating or cooling a sample and 
reference at a preset rate, while keeping the relative temperature the same. As shown in 
Figure 8, the sample and reference are heated in two separate calorimetric chambers by 
two separate heating circuits that control the average and differential temperatures. The 
first circuit changes the temperature of the sample and reference at a preprogrammed 
constant rate. The second heating circuit eliminates any temperature differences between 
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the sample and reference that appear due to exo- or endothermal effects. The amount of 
heat per unit time needed (heat flux, dq/dt) to keep the sample at the same temperature as 
the reference is then measured and plotted as a function of temperature to produce a DSC 
thermogram (Figure 9) [3].     
 
 
 
 
 
 
Figure 8. General DSC Calorimetric Chamber Schematic [3]  
From the thermograms, characteristics such as glass transition temperature (Tg) 
and melting temperature (Tm) can be obtained (Figure 9). The Tg is identified by a change 
in heat flow that appears on the thermogram as a baseline shift. This baseline shift 
indicates that there is a large increase in the mobility of the polymer chains. The Tm is 
denoted on the thermogram by an endotherm peak which indicates the disordering of 
crystalline regions of the polymer [23]. 
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Figure 9. General DSC Thermogram [1]   
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The observed Tg of the soft block is indicative of the amount of phase separation 
in the bulk of the polyurethane. Since the Tg of the soft block is sensitive to the purity, a 
soft segment Tg that is close to that of the pure soft segment polymer shows that there is 
very good phase separation throughout the bulk of the polymer.  
In the case of the polyurethanes presented in this paper modulated DSC (MDSC) 
was used. MDSC allows separation of the reversing and non-reversing heat flow 
composition form the total heat flow. This is done using two simultaneous heating rates. 
The first heating rate is the average heat flow which accounts for the total heat flow data. 
The second heating rate is a modulated rate that is used to obtain heat capacity data 
(Figure 10). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. MDSC heating rates. 
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The heat capacity data obtained from the modulated heating rate is used to 
calculate the reversing heat flow which is equal to dtdTCp /= , where Cp is the heat 
capacity and dT/dt is the change in temperature over change in time. This heat flow is 
associated with heat capacity, glass transitions, and most melting. The reversing heat 
flow is subtracted from the total heat flow dH/dt to obtain the non-reversing heat flow, 
which is a function of time and absolute temperature. Non-reversing heat flow is 
associated with enthalpic recovery, residual solvent evaporation, crystallization, 
thermoset cure, and decomposition. Using the reversing heat flow curve allows more 
accurate T s to be obtained. That is, the change in heat capacity due to the Tg g is more 
clearly evident and misinterpretations are reduced.  
 
Mechanical Properties.  Mechanical testing is performed to investigate how 
materials respond to stress. The most straightforward method of testing the mechanical 
properties is the tensile test, where a stress is applied to the material while the change in 
specimen length is being recorded until the sample breaks. The stress, σ (MPa), applied 
to the specimen is plotted versus the strain (ε), which is the change in specimen length 
induced by the applied force divided by the original specimen length, to produce the 
stress-strain curve for that material (Figure 11). 
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Figure 11. General stress-strain curve for three classes of polymers [7]. 
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From the stress-strain curves the tensile properties of the material can be obtained. 
Young’s modulus or modulus of elasticity, E, is defined as stress divided by strain within 
the elastic region of the stress strain curve. Amorphous rubbery polymers are soft, extend 
reversibly and tend to have a low modulus when compared to semi-crystalline or glassy 
polymers (Figure 11). Some rubbery polymers such as polyurethanes exhibit an increase 
in stress per unit strain prior to breakage. This increase in stress, known as strain 
hardening, is due to polymer chains rearranging in the direction of the applied force 
(Figure 12). This strain-induced crystallization increases the tensile strength of the 
polymer, thereby causing an increase in stress with any further increase in strain. 
                         
  
 
  
 
 
 
  
 
 Figure 12. Polyurethane macromolecular structure [4]. 
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Tapping Mode Atomic Force Microscopy (TM-AFM). Atomic force 
microscopy is in the group of scanning force microscopy techniques. This technique 
involves the measurement of different forces (including attractive, repulsive, electrostatic, 
and van der Waals) between a sharp tip and the sample surface [24]. Imaging is 
accomplished by measuring the interaction forces via deflection of a cantilever as the tip 
approaches the surface. Signal generation in AFM is essentially based on interatomic 
repulsive forces. 
 Interactions between the tip and sample can be described by force-distance curves 
[24]. Figure 13 shows how the force changes as the tip approaches the surface. At large 
separations there is no interaction between the tip and the substrate surface and thus the 
net force is zero. As the tip moves closer to the surface it jumps into contact because the 
of attractive van der Waals interactions. As the tip moves further towards the sample the 
total force acting on the cantilever becomes repulsive due to shell electron repulsion. As 
the tip retracts the force is reduced along the line from position 3 to 4. Below the zero 
force line the net force acting on the cantilever become attractive due to adhesion thus 
leading to the tip being held to the surface. At position 4 the  
 
Figure 13. Force distance curve depicting tip interacting with surface. 
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adhesion force and the cantilever load are just balanced and the tip flips off the surface as 
it is further retracted from the sample. In contact mode this pull off force leads to 
damaging the surface of soft materials such as polyurethanes and produces damage 
artifacts in images.  
 To eliminate this problem, tapping mode AFM (TM-AFM) was used for surface 
analysis of polyurethanes. TM-AFM involves driving the cantilever near its resonance 
frequency via the use of a piezo oscillator. This allows only intermittent contact between 
the tip and the sample surface thus reducing lateral shear forces and the chances of 
scratching the sample surface. In TM-AFM the information is retrieved from the 
amplitude signal of the oscillating cantilever since the amplitude of the cantilever will 
change as it comes across certain topographical features. 
  By increasing the amplitude “tapping” of the cantilever one can get an idea of the 
morphology just under the polyurethane surface [25]. With softer tapping, if the 
polyurethane has good phase separation the tip only interacts with surface PTMO chains. 
This domain is amorphous and produces a featureless phase image. With harder tapping, 
the tip interacts with the near surface HMDI hard segment. This produces an image that 
contains features, due to near surface hard block, whose intensity increases with harder 
tapping. Changing the cantilever amplitude or “tapping” is done by decreasing the 
amplitude setpoint voltage (Aset). The ratio of the Aset to the initial amplitude setpoint 
voltage (Ao)  is the setpoint ratio (rsp). Thus with a smaller rsp the cantilever taps harder.  
 An example of TM-AFM imaging of near surface morphology is given in a study 
by Runt of polyurethane urea (PUU) MDI/ethylenediamine (ED) (22)/PTMO-2000 [25]. 
As seen in Figure 16, with soft tapping (rsp = 0.90) the surface of the PUU appears 
 23
featureless, indicating that the surface is dominated by the amorphous soft segment. As 
the setpoint ratio decreases, the near surface hard segment becomes visible indicating the 
presence of  well phase separated, near surface, hard block domains.     
 
                   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14. AFM tapping mode phase images of the as-cast surface of PUU 22 with force 
variation. The images are 500nm × 500nm, and the phase scale is 0-25°. The box indicates a 
reference feature common in all images. Key: (a) rsp = 0.90; (b) rsp = 0.85; 
(c) rsp = 0.80; (d) rsp = 0.70; RMS (Rq) < 0.5nm. 
 
 
 
 
 
 
 24
Wetting Behavior: Dynamic Contact Angle.  To understand the origins and 
impact of the discovery that lead to this thesis it is important to review dynamic contact 
angle analysis as applied in the characterization of materials. The contact angle is an 
important parameter in determining the surface characteristics of polyurethanes. The 
contact angle is an angle that forms at the junction of three phases, in this case, a liquid 
on a solid surface in an air environment, which reflects the tendency of a liquid to wet the 
surface. As the magnitude of the contact angle increases, the surface of the material is 
less wettable by the liquid.  
The Wilhelmy plate method was used to measure contact angles of HMDI-BD-
PTMO polyurethanes. The Wilhelmy plate method involves weighing a fluid meniscus in 
contact with the surface of the sample, as it is immersed or withdrawn from a liquid. 
During immersion and withdrawing cycles, the apparent forces are monitored as a 
function of immersion depth. From the forces measured, the contact angle can be 
calculated by using equation : 
bL
FcosθPγmgF −+= (14) 
 
where F = force applied to load cell, m = mass of sample covered slide, g = acceleration 
due to gravity, P = perimeter of the plate, γL = surface tension of the liquid, θ = contact 
angle and Fb = buoyancy force. After taring the sample, the net force at the initial 
maximum meniscus can be used to calculate the contact angle using the following 
equation: 
                                                     
cos θPγF Lnet = (15)
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The net force measured at the point of maximum meniscus formation is the force 
used to calculate the advancing contact angle (θa) while the net force measured at the 
removal point is used to calculate the receding contact angle (θr) (Figure 15).    
 
 
 
 
 
 
 
 
 
Figure 15. DCA force curve [6]. 
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As seen in Figure 15, upon immersion there is an apparent mass loss. This mass 
loss is due to the liquid moving away from the surface of the sample, indicating that the 
sample surface has a low surface free energy, γ . This produces a θs a that is greater than 
90o. In cases where the wetting medium is water, this indicates that the surface is 
hydrophobic. As the sample is immersed further an apparent linear mass loss is observed 
as a results of buoyancy forces.  
Upon withdrawal of the sample, an apparent mass gain is observed. The apparent 
mass gain is due to surface reorganization where the hydrophilic components of the 
polymer surface influence the liquid-solid wetting. The difference in observed advancing 
and receding contact angles is contact angle hysteresis, Δθ [26]. 
 Δθ = θa - θr (16)
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Two limiting cases for contact angle hysteresis are found [26]. Thermodynamic or 
true hysteresis is observed when hysteresis curves can be reproduced over a number of 
cycles in succession. For this case, solvent/surface interactions are reversible on the time 
scale of the experiment.  For a polar solvent like water, the interaction with the polymer 
surface may be strong or weak, which results in high or low hysteresis respectively. The 
second form of hysteresis, kinetic hysteresis, is indicated by a dependence of the 
hysteresis curves on time of immersion and frequency of consecutive immersions. The 
underlying cause of this type of hysteresis is water adsorption at the polymer surface. By 
performing measurements as a function of immersion cycles or immersion time, dynamic 
contact angle measurements can be used to obtain information on the heterogeneity of 
surfaces, molecular mobility, and absorption or adsorption at the water-air-solid junction. 
The contamination of water, which is a high surface tension liquid, can change the 
apparent contact angles. Insoluble species such as oils and even soluble molecules that 
act as surfactants can form monomolecular layers at 10-5-10-6M [26]. Such water 
contamination results in changes of contact angles over time. 
 To obtain intrinsic contact angles, experiments must be performed that 
distinguish between kinetic hysteresis and water contamination. This involves three steps. 
First, using DCA analysis, a flamed glass slide goes through immersion and withdrawal 
cycles in Milli Q water to check the water purity. Since glass is perfectly wetted by water, 
if the water is uncontaminated the advancing and receding force-distance curves will 
superimpose. In addition, there will be no change in the force distance curve over several 
cycles. In the second step, this same water is used in the contact angle measurement of 
the polymer sample. After measuring contact angles, a second flamed glass slide is 
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repeatedly immersed and withdrawn in the same water used for sample analysis. If no 
components of the sample have diffused into the wetting media, wetting behavior will be 
indistinguishable from the force-distance curve measured prior to sample analysis.  
In previous experiments involving the blending of polyurethane polymer surface 
modifiers and base polyurethanes, the synthesized base polyurethane contained an 
isophorone diisocyanate/butanediol (IPDI/BD) hard block and a poly (tetramethyloxide) 
(PTMO) soft block. Without special purification measures, IPDI-based polyurethanes 
caused significant contamination of the aqueous phase during (DCA) analysis in water 
(Figure 16) [6]. The deviation from superimposable fdc’s for a flamed glass slide after 
sample testing is seen in Figure 16B. This water contamination is undesirable for 
applications such as biomedical, aerospace and microfabrication. For example, the 
release of a surface-active material confounds biocidal testing, because the effect of an 
unknown constituent on bacterial deactivation cannot be readily determined. Secondly, 
targeted changes in the surface properties generated by polymer surface modifiers 
(PSM’s) may be obscured [8].  In surveying other candidate matrix polyurethanes with 
aliphatic diisocyanates, it was discovered that polyurethanes comprised of a methylene 
bis (p-cyclohexyl isocyanate)/ butanediol (HMDI-BD) hard block and a PTMO soft block 
caused no contamination during DCA. This can be seen in Figure 16C where unlike the 
curves for IPDI-PU, the force-distance curves after immersion overlap during each 
successive cycle. This overlap gives evidence for the absence of leaching of any moiety 
that would change the surface tension. For this reason further study of HMDI-BD-PTMO 
polyurethanes was conducted and is herein reported.  
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Experimental Methods 
 Materials.    PTMO-1000 and PTMO-2000, reagent grade tetrahydrofuran (THF), 
bis(p-cyclohexyl isocyanate) HMDI and dibutyltin dilaurate catalyst were purchased 
from Aldrich and used as received. 1,4-butanediol (BD) and dimethylformamide (DMF) 
were purchased from Acros chemicals and used as received. Deuterated chloroform, 99.8 
atom %D with 0.05%v/v TMS was purchased Aldrich and used as received.   
Polyurethane synthesis. Polyurethanes (PUs) were prepared by a two-step 
polymerization technique [9]. In the first stage, isocyanate-terminated prepolymer was 
synthesized from HMDI and PTMO (1000 or 2000 MW) in a three-neck round bottom 
Figure 16. A comparison of DCA force-distance curves (three cycles) A) Flamed glass before sample 
immersion, B) Flamed glass after IPDI-BD-PTMO sample immersion C) Flamed Glass after HMDI-BD-
PTMO. 
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flask equipped with a mechanical stirrer, nitrogen inlet, and condenser. The reaction was 
started in DMF with an initial reactant concentration of 80wt%. Upon the addition of 
dibutyltin dilaurate catalyst (5-7 drops, 10vol%T-12 in THF), the reaction was kept at 70-
75oC. The formation of diisocyanate-terminated prepolymer was confirmed by FT-IR 
spectroscopy (urethane carbonyl, 1724cm-1, and N-H, 3346cm-1).  
In the second stage, BD was added with continued heating at 70-75oC until the 
isocyanate groups were consumed. This polymer chain extension step was monitored by 
FT-IR by following the disappearance of the isocyanate peak at 2267cm-1. As the 
viscosity of the reaction mixture increased, DMF was periodically added to the point 
where the final polymer solution concentration was ca. 25wt%. The reaction mixture was 
then poured dropwise into a 1:4 vol/vol methanol/DI water mixture and the white 
polymer precipitate and solvent mixture was magnetically stirred overnight.  
After precipitation, the samples were vacuum filtered and dried in an oven for 4 
hrs at 100oC. The dried polymer was then dissolved in THF and upon total dissolution, 
the sample was poured into 10in. Teflon® coated pans and allowed to dry in a hood for 2 
days. After solvent evaporation, the polyurethane plaques were further processed and 
dried in a vacuum oven at 65oC for 24hrs and then weighed.  
  Pure Hard Block Synthesis.   To investigate the properties of the pure hard 
block, polymerized HMDI/BD was synthesized in a similar fashion to the first step of PU 
synthesis. A calculated amount of HMDI was mixed with BD so that the mole ratio was 
1. The reactants were then mixed with DMF in a three-neck round bottom flask with a 
mechanical stirrer, nitrogen inlet and condenser. Dibutyltin dilaurate catalyst (3 drops) 
was added and the reaction mixture was held at 70-75oC. FT-IR was used to monitor 
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reaction completion in a similar fashion to the PU synthesis procedure. Upon reaction 
completion, the product was precipitated in 1:4 vol/vol methanol/ DI water mixture 
overnight for purification. After precipitation, the samples were vacuum filtered and then 
dried in an oven for 4 hrs at 100oC. 
 Characterization.  FT-IR spectra were obtained using a Nicolet 400 FT-IR 
spectrometer  from solution-cast films on KBr discs. Differential Scanning Calorimetry 
was carried out on the TA Q 1000 SeriesTM instrument (TA Instruments). Measurements 
were performed using a customized modulated DSC (MDSC) method where the polymer 
sample was ramped at a heating rate of 10oC/min from -80oC to 180oC, cooled back to     
-80oC and held isothermally for 5min. The temperature was then set to a modulation of      
±0.50oC and a ramped at a rate of 5oC/min. 1H NMR spectra were obtained using a 
Varian Spectrometer (Inova 400 MHz). 
 Surface Analysis: TM-AFM. Coated slides for TM-AFM were prepared by drip 
coating one side of glass cover slip with a 10wt% solution of PU samples. The slides 
were dried in an oven for 24hrs at 100oC and then vacuum dried at 65oC for 24hrs. The 
samples were analyzed on a Digital Instruments Dimension 3100 TM-AFM at setpoint 
ratios of 0.98 (softest tapping) to 0.6 (hardest tapping). 
Surface Analysis: DCA. Coated slides for (DCA) measurements were made by 
dip coating glass microscope cover slides (No. 1 ½ 22x40mm glass cover slips) into a 
10wt% solution of PU samples. The sample slides were then dried in an oven for 24hrs at 
100oC and then vacuum dried at 65oC for 24hrs. Wetting behavior was analyzed using the 
Wilhelmy Plate Method via a Cahn Dynamic Contact Angle (DCA) instrument. PU 
coated slides were submerged into nanopure DI water at a rate of 100μm/s to a depth of 
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15mm and then withdrawn at 100μm/s. This was repeated seven times during the course 
of analysis for each sample. To examine whether there was contamination from the 
polymer samples, the wetting medium was tested with a flamed glass slide before and 
after the testing of the PU samples under the same conditions.  
 Mechanical Testing. Analysis of polymer mechanical properties was performed 
on an MTS System uniaxial tensile tester. Samples (dog bones) were stamped out of PU 
Plaques and measured for thickness, width and gauge in millimeters. After obtaining 
sample dimensions, the dog bones were clamped into the MTS grips. The data acquisition 
rate was set to 10Hz while the initial sample elongation rate was set to 10mm/min. The 
peak load, peak stress, strain at break and modulus were recorded. 
 
Results and Discussion 
Reaction Monitoring by Fourier Transform-IR Analysis. During synthesis, the 
progress of the reaction was monitored at the start of the prepolymer stage, during 
prepolymer formation, and during chain extension. Before the addition of T-12 catalyst, 
the FT-IR spectra showed an O-H stretch peak of the PTMO at approximately 3500cm-1 
and an isocyanate peak at approximately 2300cm-1 (Figure 17A). Upon the reaction of 
PTMO with HMDI, peaks at 3300cm-1 and 1724cm-1 denote the formation of urethane 
amide (N-H) and carbonyl (C=O) groups respectively (Figure 17B). Since the reaction 
was done with excess isocyanate, the 2300cm-1 peak remained. During chain extension, 
the intensity of the isocyanate peak gradually diminishes due to the reaction of the 
prepolymer isocyanate end groups with the butanediol (Figure 17C). 
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Figure 17. FT-IR Spectra PU-1 ((30wt%HMDI-BD) PTMO (2000)): A) start of prepolymer 
reaction, B) 1.5hr prepolymer reaction, C) 30min chain extension. 
 
NMR Spectroscopy. Figure 18, is an example of an NMR spectrum for an 
HMDI-BD-PTMO polyurethane, PU-4 HMDI/BD(15) PTMO-2000. The large peak that 
appears at 1.2 ppm (e) is assigned to central methylene protons, which include methylene 
protons in the HMDI structure, the two methylenes in the center of the BD chain extender 
and the methylenes of the PTMO soft block. The peak at 1.6 ppm (a) is due to the cyclic 
methylene protons of HMDI. The other large peak at 3.4 ppm (b) is assigned to ether 
group protons, includes methylene groups in PTMO and BD. A smaller peak at 4.1ppm 
(c) is assigned to protons near the carboxyl and amide end of the urethane linkage 
respectively. The apparent doublet between 4.6-4.8 ppm (d) is due to the amide proton of 
the urethane linkage since amides typically show  peaks in the range of 4.5-8.5 ppm [17].  
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1H NMR Spectra HMDI/BD(15)/PTMO (2000) PU-4
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Figure 18. 1H NMR Spectra PU-4 HMDI/BD (15) PTMO (2000) A) methylene and ether 
peaks. B) All peaks. C) urethane amide peaks.  
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 Calculation of the hard block percentage for the polyurethanes was done using the 
area of peaks (a), (e), and (d). As observed in the structure of the hard block, for every 
amide proton there are 10 protons methylene group. Therefore the area due to protons 
adjacent to methylene groups in HMDI should be 10 times the area of the peaks due to 
the amide proton. In order to differentiate PTMO methylene form BD methylene groups 
we make the assumption that the polymer is pure hard block, meaning that all isocyanates 
react with BD. In the case of BD there are four methylene protons for every amide 
proton, therefore the area due to methylene protons in BD should be four times the area 
of the peaks due to the amide proton. The calculated areas for HMDI and BD were then 
subtracted from the total area due to methylene protons to give the area due to PTMO 
methylene protons thus giving the minimum PTMO present in the polymer. From the 
areas of HMDI, BD and PTMO the mass present in each polymer were calculated and 
used to calculate the hard block percentages. An example calculation is as follows: 
0.2 = Area of amide H (given from spectra)        
32.32 = Area of CH2-CH2 units (given from spectra) 
Area of HMDI = 10 × (Area of amide H): 10 × 0.2 = 2 
 Area of tetramethylene oxide (TMO) units = (Area of CH2-CH2) – (Area of HMDI)  
32.32-2 = 30.32 
Area of BD = 4 × (Area of amide H) = 4 × 0.2 = 0.8 
Area of PTMO = (Area of TMO) - (Area of BD): 30.32-0.8 = 29.52mg 
Mass of PTMO = (Area of PTMO/# of hydrogens in PTMO) × molecular weight of 
PTMO: (29.52/212) × 2000 = 278.2mg 
Mass of BD = (Area of BD/# of hydrogens in BD) × molecular weight of BD: 
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(0.8/4) × 90.12 = 18.0mg 
Mass of HMDI = (Area of HMDI / # of hydrogens in HMDI) × Molecular weight of 
HMDI: (2/22) × 262.35 = 23.85 
HMDI/BD weight % = (Mass of HMDI) + (Mass of BD/ Mass of 
HMDI+BD+PTMO) 
(23.85+18) / (23.85+18+278.2) = 0.13 = 13wt% (Table 2, column 2, row 1) 
 
 
 
 H
Table 1. Calculated NMR peak areas. 
Polyurethanes  Urethane H Total Methylene HMDI  TMO  BD  PTMO
 H
 H
 H
 H
 H
 
H
H
 H
 H
 H
MDI/BD(15)/PTMO (2000) (PU-4) 0.20 32.3 2.0 30.3 0.80 29.5
MDI/BD(20)/PTMO (2000) (PU-3) 0.29 35.3 2.9 32.4 1.16 31.2
MDI/BD(25)/PTMO (2000) (PU-2) 0.32 24.1 3.2 20.9 1.28 19.6
MDI/BD(30)/PTMO (2000) (PU-1) 0.46 29.4 4.6 24.8 1.84 22.9
MDI/BD(35)/PTMO (2000) (PU-10) 0.93 51.6 9.3 42.3 3.72 38.6
MDI/BD(40)/PTMO (2000) (PU-11) 0.56 24.5 5.6 18.9 2.24 16.7
MDI/BD(30)/PTMO (1000) (PU-5) 0.33 22.4 3.3 19.1 1.32 17.8
MDI/BD(25)/PTMO (1000) (PU-6) 0.50 39.6 5.0 34.6 2.00 32.6
MDI/BD(35)/PTMO (1000) (PU-7) 0.49 27.4 4.9 22.5 1.96 20.5
MDI/BD(40)/PTMO (1000) (PU-8) 0.72 34.6 7.2 27.4 2.88 24.5
MID/BD(50)/PTMO (1000) (PU-9) 0.89 29.8 8.9 20.9 3.56 17.4
 
As seen in Table 2 below, the hard block percentages calculated from the NMR spectra 
are very close to the feed percentages with most of the percentage being within 5% of the 
desired hard block percentage.  
 
 
 
 
 
 
 
Table 2.  Calculated segment mass and weight percentages.  
Polyurethanes wt%HB PTMO wt% Exp. HMDI/BD wt% Exp. PTMO wt%
HMDI/BD(15)/PTMO (2000) (PU-4) 13.1 86.9 15 85
HMDI/BD(20)/PTMO (2000) (PU-3) 17.1 82.9 20 80
HMDI/BD(25)/PTMO (2000) (PU-2) 26.6 73.4 25 75
HMDI/BD(30)/PTMO (2000) (PU-1) 30.8 69.2 30 70
HMDI/BD(35)/PTMO (2000) (PU-10) 34.9 65.1 35 65
HMDI/BD(40)/PTMO (2000) (PU-11) 42.7 57.3 40 60
HMDI/BD(50)/PTMO (2000) (PU-26) 56.6 43.4 50 50
HMDI/BD(30)/PTMO (1000) (PU-5) 28.2 71.8 30 70
HMDI/BD(25)/PTMO (1000) (PU-6) 24.5 75.5 25 75
HMDI/BD(35)/PTMO (1000) (PU-7) 33.6 66.4 35 65
HMDI/BD(40)/PTMO (1000) (PU-8) 38.3 61.7 40 60
HMID/BD(50)/PTMO (1000) (PU-9) 52.0 48.0 50 50
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GPC Analysis.  Figure 19 shows representative calibration and GPC data used to 
calculate the molecular weight presented in Table 1. From GPC analysis number-average 
molecular weight range from 1.71-6.6 × 104 g/mol, weight-average molecular weight 
range from 2.14-10.6 × 104 g/mol and polydispersity from 1.04-1.8. These molecular 
weights and polydispersities are typical for two step processed polyurethanes. These 
ranges are adequate for mechanical properties because they do not totally depend chain 
entanglement due to the presence of hydrogen bonded interactions between hard segment 
domains. 
 A) 
 
 
 
 
 
 
 
 
 
 
 
 
B) 
 
 
 
 
 
 
 
Figure 19. A) calibration curve (polystyrene standards), B) GPC data for 
HMDI/BD(50)/PTMO-1000.
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 ATable 3. verage molecular weight of HMDI-BD-PTMO polyurethanes. 
 
 
 
 
 
 
Polyurethane Samples
 Feed Mole Ratio 
(HMDI/BD/PTMO)
Number 
Average MW 
(Mn) 104
Weight 
Average MW 
(Mw) 104
Polydispersity
(HMDI/BD)(30)/PTMO (2000) (PU-1) 2.69/1.69/1 2.1 3.5 1.7
MDI/BD)(25)/PTMO (2000) (PU-2) 2.14/1.14/1 4.7 6.3 1.3
(HMDI/BD)(20)/PTMO (2000) (PU-3) 1.67/0.67/1 6.5 7.5 1.2
(HMDI/BD)(15)/PTMO (2000) (PU-4) 1.26/0.26/1 4.0 4.9 1.2
(HMDI/BD)(30)/PTMO (1000) (PU-5) 1.47/0.47/1 1.9 2.9 1.5
(HMDI/BD)(25)/PTMO (1000) (PU-6) 1.20/0.20/1 2.6 3.0 1.2
MDI/BD)(35)/PTMO (1000) (PU-7) 1.77/0.77/1 1.7 2.5 1.5
(HMDI/BD)(40)/PTMO (1000) (PU-8) 2.15/1.15/1 6.6 10.6 1.6
MID/BD)(50)/PTMO (1000) (PU-9) 3.09/2.09/1 5.7 7.6 1.3
(HMDI/BD)(35)/PTMO (2000) (PU-10) 3.31/2.31/1 3.7 6.6 1.8
(HMDI/BD)(40)/PTMO (2000) (PU-11) 4.03/3.03/1 4.0 6.6 1.6
(H
(H
(H
 
Thermal Analysis. Modulated Differential Scanning Calorimetry, MDSC, was 
used to determine the Tg of soft and hard blocks. By using MDSC it is possible to resolve 
normal heat flow into reversing and non-reversing heat flow. This allows more accurate 
Tgs to be obtained using the reversing heat flow curve by removing transitions associated 
with non-reversing heat flow such as irreversible relaxations due to processing history, 
which can lead to misinterpretation of the heat flow curve.  
As seen in Figure 20, most of the polyurethanes have soft block glass transitions 
in the range of  -82 to -77oC (Table 4). These values are close to the reported Tg for 
PTMO (-84o oC) [27]. Hard block T  observed for most polyurethanes were in the 86-88g C 
range (Table 4). These values are near the experimentally obtained T  (86og C) for the pure 
HMDI/BD hard block that was previously synthesized.  
Other evidence of phase separation among PU 1 through 4 is derived from soft 
block Tms. As seen in Figure 22, a PTMO melting endotherm at about 20oC is present for 
four polymers. This endotherm shows an increase in intensity with decreasing hard 
segment weight percentage (Figure 23). The presence of this endotherm indicates that the 
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soft segment domain is semi-crystalline below 20oC. This endotherm shows that the 
PTMO is adequately segregated from the hard segment domain to form a crystalline 
phase, otherwise a melting point depression would be observed for a phase mixed 
structure.  
For PU samples 5, 6, and 7 the PTMO-1000 based soft block Tgs were about 20oC 
higher (-54 to -58oC) compared to other polyurethanes. These three polyurethanes have 
the same hard block composition as PU 1, 2, and 10, but the PU molecular weights are 
relatively low (1.7-2.6 × 104 g/mol). It is well known that polymer phase separation 
increases with increasing molecular weight [14] which is governed by entropic effects.  
In the absence of specific interactions, ΔHmix for polymers is small. Thus ΔGmix is 
controlled by ΔSmix. For higher MW polymers the loss in entropy required for mixing due 
to the uncoiling polymer chains makes the TΔS term increase with molecular weight. The 
combination of low polymer molecular weight and low soft segment molecular weight 
leads to more phase mixing for these polyurethanes compared to others.   
This was also evident in work done by Li [5]. In their work, summarized in Table 
5, they observed that upon increasing the molecular weight of the polyurethane soft block 
(polycaprolactone, PCL) the soft block glass transition temperature began to approach 
that of pure PCL (-60oC). The width of the transition also decreases indicating that the 
soft segment phase can attain a higher purity with a corresponding increase in soft 
segment molecular weight. For clarification, the sample designation used by Li refers to 
the polyurethane synthesis method, (M) multi-step, mole ratio, and soft block Mn.       
It was also noticed by Li that the hard segment percentage could also increase the glass 
transition temperature of the soft segment. This trend can also be seen among the 
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 Table 4. Measure Tg of HMDI/BD/PTMO polyurethane. 
Polyurethane Samples Tg (oC) Soft Block Tg (oC) Hard Block
HMDI/BD(30)/PTMO (2000) (PU-1) -80 -
HMDI/BD(25)/PTMO (2000) (PU-2) -82 87
HMDI/BD(20)/PTMO (2000) (PU-3) -79 71
HMDI/BD(15)/PTMO (2000) (PU-4) -77 -
HMDI/BD(35)/PTMO (2000) (PU-10) -78 71
HMDI/BD(40)/PTMO (2000) (PU-11) -77 -
HMDI/BD(30)/PTMO (1000) (PU-5) -54 64
HMDI/BD(25)/PTMO (1000) (PU-6) -58 -
HMDI/BD(35)/PTMO (1000) (PU-7) -55 63
HMDI/BD(40)/PTMO (1000) (PU-8) -78 87
HMDI/BD(50)/PTMO (1000) (PU-9) -73 88
HMDI/BD Hard Block - 86
PTMO telechelic -84 -
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5. Effect of soft segment length and block percentage on soft segment Tg [5]. 
Samples
Mol Ratio 
PCL/MDI/
BD Mn of PCL
Hard 
Segment 
(wt%)
Change in 
Tg (oC)
Soft 
Segment 
Tg (oC)
M-121-2.0 1/2/1 2000 22.80 30 -34
M-121-5.0 1/2/1 5000 10.56 28 -46
M-121-7.0 1/2/1 7000 7.77 27 -49
M-154-7.0 1/5/4 7000 18.70 35 -40
M-143-7.0 1/4/3 7000 15.36 36 -45
M-132-7.0 1/3/2 7000 11.73 29 -44
M-121-7.0 1/2/1 7000 7.77 27 -49
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Mechanical Testing. As mentioned previously, tensile stress-strain behavior was 
observed via a uniaxial tensile test using a strain rate of 10mm/min. Among the 11 
polyurethanes synthesized, HMDI-BD(25)/PTMO-2000 (PU-2), HMDI-BD(30)/PTMO-
2000 (PU-1), and HMDI-BD(35)/PTMO-2000 (PU-10) had moduli and strains-at-
breakage more typical of elastomeric polymers (Figure 24). As with many elastomers, the 
modulus is low compared to more brittle polymers or polymers in their glassy state, 
however, these polymers are extendable to several hundred percent before breakage. Also 
evident in these three samples is the effect of strain hardening. As seen in the latter part 
of the curves in Figure 24, the stress began to increase after a period where the stress 
appeared to decrease with increasing strain. As mention previously, this increase in stress 
is a result of the reorientation of the polymer chains in the direction of the strain causing 
crystallization and thus making the polymer harder with increasing strain. PU-10 showed 
the highest modulus among the elastomeric PUs (12.6 MPa) while PU-1 and PU-2 had 
moduli of 3.7 and 2.5MPa respectively.   
 
            
 
 
 
 
 
 
  
 Figure 24. Stress-Strain Curves: HMDI-BD(30)/PTMO-2000 (PU-1), HMDI-
BD(25)/PTMO-2000 (PU-2), HMDI-BD(35)/PTMO-2000 (PU-10). 
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From the data presented in Figure 25, PU-8, 9 and 11 display properties that 
resemble more brittle polymers. Although the moduli of PU-8 and PU-9 (3.7 and 10.1) 
MPa respectively) are close to those of PU-1 and PU-10 the higher hard block weight 
percentage of PU-8 and PU-9 makes them more brittle. Among these more brittle PUs, 
PU-8 was the most rubbery. As evident from Figure 25, PU-8 had the lowest modulus 
(3.7MPa) and was capable of taking the most strain before breakage due to the fact that it 
contained a low hard segment wt% than the other PUs, and thus had fewer hydrogen 
bond interactions to strengthen the polymer matrix. Of all the PUs synthesized, PU-11 
was the most brittle as seen from the low amount of strain before break. This brittle 
behavior is also evident in the modulus measured for this polymer (34.8MPa), which is 
the highest of any of the polymers synthesized. This brittle behavior is indicative of the 
high weight percentage of hard segment present.      
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Figure 25. Stress-Strain Curves: HMDI-BD(40)/PTMO-1000 (PU-8), HMDI-
BD(50)/PTMO-1000 (PU-9), HMDI-BD(50)/PTMO-2000 (PU-11). 
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PU-3, 5, 6 and 7 had the lowest moduli. The low modulus in PU-3 is due to the 
low weight percentage of hard segment, which, as mentioned before, contributes to the 
PU toughness. However, in the case of PU-5, 6 and 7 a different phenomenon is 
occurring. Although the hard block percentages are the same as PU-1 and 2, the PTMO-
1000 based PUs are much softer. This is a result of the higher degree of mixing between 
the hard and soft segments. As mentioned previously, DSC studies by Li show that 
polymers with shorter soft segments have phase mixing, which is evident from PU 5-7 
broad glass transition seen in the DSC thermograms [5]. Phase mixing for low MW soft 
block (PTMO-1000) prevents the hard segment from having optimum hydrogen bond 
interactions and thus causes a reduction in the material’s toughness.      
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As seen from the three previous figures, the hard segment weight percentage has a 
profound effect on the mechanical properties, particularly the modulus, of polyurethanes. 
Figure 26. Stress-Strain Curves: HMDI-BD(20)/ PTMO-2000 (PU-3), HMDI-BD(30)/PTMO-
1000 (PU-5), HMDI-BD(25)/PTMO-2000 (PU-6), HMDI-BD(35)/PTMO-1000 (PU-7). 
PU-3
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As evident in Figure 27, with the increase in hard block weight percentage an 
increase in modulus is observed with very dramatic increases observed between 30-
50wt% hard segments for both PTMO (2000) and PTMO (1000) based polyurethanes. 
Soft segment length also showed to have an affect on the mechanical properties of 
polyurethane. As observed in Figure 27, the polyurethanes with the PTMO (2000) soft 
block have an overall higher modulus than that of their PTMO (1000) based counterparts 
even though they possess the same hard segment percentage.      
 
Figure 27. Modulus vs. HMDI/BD wt% . 
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Another factor that influences mechanical properties is the mole faction of chain 
extender in the polymer chain. The incorporation of the chain extender can more than 
double the size of the hard segment thereby increasing the overall molecular weight of 
the hard segment [5]. This increase in molecular weight facilitates greater phase 
separation, and thus allows for more hydrogen bond interactions among the hard 
segments resulting in a stiffer polymer. Polyurethanes with low moduli (PU-4 through 
PU-7) have very low ratios of BD to PTMO and HMDI. By having a low amount of BD 
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available the likelihood of having high molecular weight hard segments decreases and, 
thereby, increases the chance of the hard segment mixing with the soft segment. 
 
Tapping Mode Atomic Force Microscopy (TM-AFM).  TM-AFM was utilized 
to provide information on surface roughness and morphology. Height images provide a 
visual image of surface roughness as well as Rq, the root-mean-square roughness. Low 
surface roughness helps assure that wetting behavior is not influenced by roughness 
effects [28]. Phase images provide information on surface morphology. In false color 
images, a light color indicates a more elastic interaction of the tip with the surface, while 
a darker color indicates interactions with a soft surface feature such as the soft domain in 
polyurethane [25].  
Figures 28 and 29 show the TM-AFM images of the HMDI/BD(50)/PTMO(2000) 
polyurethane at a scan size of 500 × 500nm and setpoint ratios of 0.6-0.98. With 
decreasing setpoint ratio the phase images show some evidence for phase separated 
regions, particularly at the lowest setpoint ratio (rsp = 0.6). Hard (light) regions and soft 
(dark) regions are evident on the scale of 20-50nm. The contrast of near surface hard 
blocks is not as clear as that observed by Runt. This is because HMDI does not pack as 
well as MDI due to steric effects and the BD (compared to the ED) provide half the 
hydrogen bonding sites. The a root-mean-square roughness (Rq) of these images ranged 
form 0.36-0.45nm indicating that the scan region is relatively smooth. Images at 100 × 
100μm and rsp = 0.98 (Figure 31a) showed an Rq of 11.3nm. Higher Rq with increasing 
scan area is commonly observed because larger areas have larger asperities associated 
 47
with the coating process. These asperities are produced by processes such as non-uniform 
shrinkage during solvent evaporation. 
 Figures 32-33 show height and phase images for HMDI/BD(50)/PTMO(1000) at 
setpoint ratios of 0.98-0.6 and a scan area of 500 × 500nm. With a deceasing setpoint 
ratio (harder tapping), the phase images provide little evidence of near surface hard 
blocks as observed by Runt indicating phase mixing. Rq was between 0.447-0.561nm for 
the 500 × 500nm images and 10.5nm for the 100 × 100μm. This again is a typical 
observation for increased scan area. 
These images provide evidence of how increasing soft segment molecular weight, 
increase phase separation. By comparing Figure 29C to Figure 33C one can see that at 
hard tapping the higher molecular weight chain allows the hard segment to more readily 
aggregate and form nanodomains. This is also evident from the DSC studies where PUs 
with higher molecular weight soft segments showed hard and soft segment Tg closer to 
the Tg of the pure hard and soft segment.   
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Figure 28. TM-AFM for HMDI/BD(50)/PTMO-2000: 500nm × 500nm; z range 20nm (height) 
20o (phase); A) setpoint ratio (0.98) Rq = 0.45nm; B) setpoint ratio (0.9). Rq=0.56nm. 
A) 
B) 
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Figure 29. TM-AFM for HMDI/BD(50)/PTMO-2000: 500nm × 500nm; z range 20nm 
(height) 20o (phase); A) rsp = 0.8, Rq = 0.50nm; B) rsp = 0.7, Rq = 0.54nm; C) rsp = 0.6; Rq 
= 0.47nm. 
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Figure 30. TM-AFM for HMDI/BD(50)/PTMO-2000 (3D Height images) 500nm × 
500nm: A) rsp = 0.98.; B) rsp = 0.9; C) rsp = 0.8; D) rsp = 0.7; E) rsp = 0.6. 
A) B) 
C) D) 
E) 
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Figure 31. TM-AFM HMDI/BD(50)/PTMO-2000: A) 100 ×100nm, z range 500nm 
(height) 20o (phase) Rq = 10.5nm; B) 10 × 10nm, z range 40nm (height) 20o (phase) 
Rq = 9.0nm; C) 3D height image (100 × 100 nm); D) 3D height image (10 × 10nm). 
C) D) 
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Figure 32. TM-AFM for HMDI/BD(50)/PTMO-1000: 500nm × 500nm; z range 20nm (height) 
20o (phase); A) setpoint ratio (0.98) Rq = 0.39nm; B) setpoint ratio (0.9) Rq = 0.36nm. 
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Figure 33. TM-AFM for HMDI/BD(50)/PTMO-1000: 500nm × 500nm; z range 20nm 
(height) 20o (phase); A) rsp = 0.8, Rq = 0.45nm; B) rsp = 0.7, Rq = 0.40nm; C) rsp = 0.6, 
Rq = 0.37nm. 
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Figure 34. TM-AFM for HMDI/BD(50)/PTMO-1000: (3D height images), 500nm 
× 500nm. A) rsp = 0.98; B) rsp = 0.9; C) rsp = 0.8; D) rsp = 0.7; E) rsp = 0.6. 
A) B) 
C) D) 
E) 
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Figure 35. TM-AFM for HMDI/BD(50)/PTMO-1000: A) 100 × 100nm, z range 500nm 
(height) 20o (phase) Rq = 11.3nm; B) 10 × 10nm, z range 200nm (height) 20o (phase) 
 Rq = 2.0nm; C) 3D height image (100 × 100 nm); D) 3D height image (10 × 10nm). 
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Surface Analysis: Dynamic Contact Angle.  In this section, wetting behavior in 
water is examined. Important issues that will be addressed include: whether water 
contamination occurs, if surface roughness plays a role in wetting behavior, the 
magnitude of contact angle hysteresis, and the stability of wetting behavior with time.  
Contact angles are important parameters in determining the surface characteristics of 
polyurethanes. These wetting characteristics, such as contact angle hysteresis, are 
sensitive to concentration of leachable components and the topography or roughness of 
the surface. Therefore the Rq of a surface can play a role in wetting behavior.  
 As evident from Figures 36-46C and D, which show DCA force-distance curves 
of flamed glass slides before and after sample immersion, no contamination was present. 
Many of the PU samples containing the PTMO-2000 soft block exhibited contact angle 
hysteresis and a gradual change in θa contact angle over the course of the experiment.  
For polymer surfaces, contact angle hysteresis is caused by thermodynamically 
driven switching of the interfacial composition and by surface heterogeneity. Nonpolar 
entities are favored in air. Thus, the advancing water front encounters a nonpolar moieties 
that act as a pinning points. This causes θa to be high. Conversely, thermodynamic 
interactions drive polar moieties to the surface on the wetted surface. [28]. The polar 
interactions “pin” the receding water  resulting in low θr. 
Contact angle hysteresis is also affected by chemical and topological 
heterogeneity (surface roughness). Chemical heterogeneity causes high contact angle 
hysteresis in a way analogous to that described above,  amplifying thermodynamically 
driven switching. Surface roughness presents a physical barrier to the advancing water 
front and, conversely, results in pinning the receding water front. Surfaces roughness of 
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the polyurethane samples was investigated by TM-AFM as described previously. As 
discussed below, surface roughness is very low and does not affect the determination of 
wetting behavior of the polyurethanes [28].  
The contact angle hysteresis for PTMO-2000 based PUs average between 24-30o. 
Since DSC data for these PUs showed that phase separation existed, the surface is 
dominated by PTMO. This means that the contact angle hysteresis present is most likely 
due to the heterogeneity of PTMO since it contains both hydrophobic and hydrophilic 
components. The average hysteresis for PTMO-1000 PUs were between 35-40o. Since 
this contact angle hysteresis is higher and DSC data showed significant phase mixing in 
the PTMO-1000 PUs the most likely mechanism for hysteresis is the presence of 
HMDI/BD hard segments at the surface which make the surface more hydrophilic.    
The change in θa  contact angle is believed to be due to polar elements of the hard 
block, in this case, urethane groups shifting to the polymer water interface. This allows 
for adsorption of water molecules via hydrogen bonding and thus making the surface 
more hydrophilic, which decreases θa  [28]. 
Among the PTMO-2000 PUs, PU-4 showed the largest change in θa (17.4o) while 
having a change in θr of 8.2o.  PU-1 had the largest change in θr (14.7o) and the smallest 
change in θa (12.6o) however this is still a fairly significant change in contact angle when 
compared to the other PTMO-2000 based PUs. 
PU samples containing PTMO-1000 showed approximately the same amount of 
variance in contact angles between cycles, however, unlike the PTMO-2000 PUs, the 
contact angles did not reach a constant value as quickly.  In comparing Figures 36 and 42 
it can be seen that θa and θr for PU-1 (30wt% HMD/BD PTMO-2000) began to approach 
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a plateau of approximately 80o and 60o respectively at cycle 4 whereas PU-5 (30WT% 
HMDI/BD PTMO (1000)) had no instance of approaching a constant θa or θr during the 
cycles performed in the experiment.  Between both the PTMO-2000 and PTMO-1000 
based PUs only PU-9 showed no significant change in θa and θr (6.63o and 1.2o) 
respectively (Figure 46). 
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Figure 36. PU-1 HMDI-BD(30)/PTMO-2000 soft block. A) Force-distance curves PU-1; B) 
Contact Angles; C) Force-distance curves before experiment; D) Force-distance curves after 
experiment; E) Contact angle vs. cycles (each cycle is 2.3 min).  
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Figure 37. PU-2 HMDI-BD(25)/ PTMO-2000 soft block. A) Force-distance curves PU-2; B) 
Contact Angles; C) Force-distance curves before experiment; D) Force-distance curves after 
experiment; E) Contact angle vs. cycle (each cycle is 2.3 min). 
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Figure 38. PU-3 HMDI-BD(20)/PTMO-2000 soft block A) Force curves PU-3; B) Contact 
Angles; C) Force-distance curves before experiment; D) Force-distance curves after 
experiment; E) Contact angle vs. cycle (each cycle is 2.3 min).
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Figure 39. PU-4 HMDI-BD(15)/ PTMO-2000 soft block; A) Force curves PU-4; B) Contact 
Angles; C) Force-distance curves before experiment; D) Force-distance curves after experiment; 
E) Contact angle vs. cycle (each cycle is 2.3 min). 
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Figure 40. PU-10 HMDI-BD(35)/PTMO-2000 soft block A) Force curves PU-10; B) Contact 
Angles; C) Force-distance curves before experiment; D) Force-distance curves after 
experiment; E) Contact angle vs. cycle (each cycle is 2.3 min).
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Figure 41. PU-11 HMDI-BD(40)/PTMO-2000 soft block A) Force curves PU-2; B) Contact 
Angles; C) Force-distance curves before experiment; D) Force-distance curves after experiment; 
E) Contact angle vs. cycle (each cycle is 2.3 min).
E)
Fo
rc
e 
(m
g)
 
Cycle 1
Cycle 2
Cycle 3
DCA Data PU-11 Flamed Glass After All Cycles
-50
0
50
100
150
200
250
300
0 2 4 6 8 10 12 14 16
Displacement (mm) 
Fo
rc
e 
(m
g)
 
Cycle 1
Cycle 2
Cycle 3
 
 
0 
20 
40 
60 
80 
100 
0 1 2 3 4 5 6 7 8   
Cycle 
C
on
ta
ct
 A
ng
le
 (o
) 
Adv. Angle  
Rec. Angle 
 64
 B) 
 
A) 
 
 
 
 
 
 
 
 
 
 
 DCA Data PU-5 All Cycles 
-100 
-50 
0 
50 
100 
150 
200 
250 
300 
0 2 4 6 8 10 12 14 16
Displacement 
Fo
rc
e 
(m
g)
 Cycle 1
Cycle 2
Cycle 3
Cycle 4
Cycle 5
Cycle 6
Cycle 7
Cycle Adv. Angle o Rec. Angle o
1 99.6 38.5
2 95.8 40.2
3 93.7 42.0
4 91.6 43.6
5 90.1 45.3
6 88.8 46.7
7 87.9 47.9
 
 
C) D) 
 
 
 
 
 
 
 
 
 
 
 DCA Data PU-5 Flamed Glass Before All Cycles 
-50 
0 
50 
100 
150 
200 
250 
300 
350 
0 2 4 6 8 10 12 14 16
Displacement (mm) 
 
DCA Data PU-5 Flamed Glass After All Cycles 
-50
0
50
100
150
200
250
300
350
0 2 4 6 8 10 12 14 16
Displacement (mm) 
Fo
rc
e 
(m
g)
 
Cycle 1
Cycle 2
Cycle 3
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
Figure 42. PU-5 HMDI-BD(30)/PTMO-1000 soft block A) Force curves PU-5; B) Contact 
Angles; C) Force curves before experiment; D) Force-distance curves after experiment; E) 
Contact angle vs. cycle (each cycle is 2.3 min). 
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 Cycle Adv. Angle  o  Rec. Angle o
1 97.1 41.9
2 94.0 44.1
3 91.7 46.0
4 89.6 48.4
5 87.8 50.1
6 86.2 51.4
7 84.7 52.3
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Figure 43. PU-6 HMDI-BD(25)/PTMO-1000 soft block A) Force curves PU-2; B) Contact 
Angles; C) Force curves before experiment; D) Force-distance curves after experiment; E) 
Contact angle vs. cycle (each cycle is 2.3 min). 
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Figure 44. PU-7 HMDI-BD(35)/PTMO-1000 soft block A) Force curves PU-2; B) Contact 
Angles; C) Force curves before experiment; D) Force-distance curves after experiment; E) 
Contact angle vs. cycle (each cycle is 2.3 min). 
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 A) B)
 Cycle Adv. Angle o Rec. Angle o
1 92.7 42.2
2 86.8 44.4
3 85.0 45.7
4 84.3 46.5
5 83.6 47.3
6 83.2 47.8
7 82.5 48.3
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Figure 45. PU-8 HMDI/BD(40)/PTMO-1000 soft block A) Force curves PU-8; B) Contact 
Angles; C) Force curves before experiment; D) Force-distance curves after experiment; E) 
Contact angle vs. cycle (each cycle is 2.3 min).
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Figure 46. PU-9 HMDI/BD(50)/PTMO-1000 soft block A) Force curves PU-9; B) Contact 
Angles; C) Force curves before experiment; D) Force-distance curves after experiment; E) 
Contact angle vs. cycle (each cycle is 2.3 min).
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Conclusion. As initially stated the purpose of the research presented was to 
produce and characterize polyurethanes that would function as a convenient matrix or 
“base” for surface modifying additives (SMA) possessing biocidal properties. These 
polyurethanes must not only exhibit good mechanical properties but also be free of any 
type of contamination when used as a biocidal polymer. Although all of the 
polyurethanes prepared during the course of this research show no contamination 
compared to IPDI-based polyurethanes, the samples that showed the best surface stability 
were PU-2, PU-5, PU-7, PU-8, PU-9, and PU-10. Among these, only formula designation 
PU-2, formula designation PU-9 and formula designation PU-10 exhibited adequate 
mechanical properties to cast durable films. Since PU-9 showed the most stable surface 
characteristics, it was used as the bulk polyurethane to be incorporated in the biocidal 
SMAs. The films produced from these blends performed well as biocidal polymers. 
However, due to the mechanical properties of PU-9 the films tended to be fairly stiff. In 
cases where a more elastic polyurethane is needed, such as medical tubing, PU-2 would 
be the best choice since it demonstrated excellent elastomeric properties and very stable 
surface properties.  
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